In plumbing water systems (PWSs), there are two main layouts for water pipe networks (WPNs) within buildings: branched and looped layouts. The aim of this study is to introduce an approach for improving the performance of PWSs using looped water pipe networks within buildings. This approach is applied to a case study of branched configuration that is firstly changed to a looped configuration with the same pipe diameters, secondly to a looped configuration with the same discharge and velocity, and thirdly to the same branched configuration with double the pipe diameters. All cases were analyzed for cost and hydraulic reliability in terms of resilience index, minimum surplus head, failure index and demand node's flow path. EPANET software was used for hydraulic analysis of all cases. It is concluded from this study that replacing branched configuration of PWSs by looped configuration improves the hydraulic reliability and minimizes the costs of the PWSs.
adequate pressures. The estimation of hydraulic reliability for the water distribution network is subject to uncertainty due to variations in future water demand, required pressure heads, and pipe roughness (Bao & Mays ) .
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The aim of this study is to present an approach for improving the performance of plumbing systems using looped configuration layouts instead of branched ones, which increases the hydraulic reliability and minimizes the costs of the system. This approach was applied to a case study (Harris ) of a branched layout configuration as a reference. The case study configuration is changed three times to examine the reliability and corresponding costs for each variation. It may first be changed to a looped layout with the same pipe diameters (Loop I), secondly to a looped layout with the same flow and velocity (Loop II), and thirdly to the same case study configuration with double the pipe diameters (Harris 2D).
The above cases were analyzed for costs and hydraulic reliability in terms of resilience index, minimum surplus head, failure index and demand node's flow path. An EPANET hydraulic simulator was used for the hydraulic analysis of all cases. The head-dependent analysis (HDA) approach was applied, which provides even more realistic results when the case study system operates under subnormal pressure conditions.
THEORETICAL APPROACH
The following objective cost equation is used for the optimum design of a pipe network with a pre-specified layout.
in which N is the number of pipes; L i is the total length of pipe i in the network; C i is the cost of the pipe, with certain diameter and material per unit length and C o represents the total cost of the pipes in the network. The total cost of the network should be reduced as much as possible under an acceptable level of reliability that withstands the adverse conditions. The above optimal design is subjected to the following constraints.
Hydraulic constraints
The mass and energy conservation constraints at junctions and pipes, in the plumbing network inside the building, in terms of flow rate and head losses can be defined as follows:
where J and N are the number of existing junctions and loops in the system, respectively; q i is the flow rate in pipe 
Nodal head and pipe flow velocity constraints
The pressure head and the flow velocity range constraints at junctions and pipes, in the plumbing network inside the building, can be defined as follows:
where J and N p are the numbers of existing junctions and pipes in the pipe system, respectively; H k is the nodal head; H min and H max are minimum and maximum allowable nodal heads; V i is the pipe flow velocity; and V min and V max are minimum and maximum allowable flow velocities.
Pipe size availability constraints
The pipe diameters should be commercially available which can be defined as follows:
where N p is the number of pipes in the existing network; d i is the diameter of pipe I; and d denotes the set of commercially available pipe diameters.
Demand node flow path constraints
The reliability of a demand node can be defined as the number of independent flow paths from the source nodes to the demand nodes which can be expressed as follows:
where R k is the reliability of the demand node k and R is the required level of reliability of the optimal network.
HYDRAULIC RELIABILITY EVALUATIONS Penalized objective function
A penalty method is commonly used to introduce the optimal design of a pipe system as an unconstrained optimization problem. Including pressure head, in which head and discharge constraints in the objective function, leads to a new problem defined by the minimization of the following penalized objective function subject to the constraints defined in Equation (7).
where α p is the penalty parameter equal to a high value when the constraints are violated, and equal to zero when the constraints are not violated. Here, the cost of the most expensive pipe system is used as the penalty parameter.
The hydraulic constraints are satisfied by using a simulation program that solves the set of hydraulic constraints for nodal heads (Afshar ).
Including the demand node flow path constraints expressed in Equation (8) into the penalized objective function of Equation (9) leads to the final form of the objective function (Afshar ).
with
where α p is the cost of the most expensive network.
Resilience index (I r )
Todini () proposed the resilience index based on the concept that the power input into a network equals the power lost internally to overcome friction plus the power that is delivered to the demand nodes (Todini ). The resilience index (I r ) of PWSs can be defined as:
where Q k and H k are the discharge and head, respectively, relevant to each reservoir k, and n r is the total number of reservoirs connected to the PWSs, Q required demands and the head desired at the demand nodes j, and n d is the total number of demand nodes with the real flow (Q avl j ) draws-off, and real head (H j ).
Minimum surplus head (I m )
The minimum surplus head (I m ) is defined as:
This surplus head indicates the available energy for dissipation during failure conditions with regards to distributed flow and pressure head. Maximization of the available surplus head at the most depressed demand node improves the reliability of the PWSs to some extent.
Failure index (I f )
Under failure conditions of PWSs, the provided power at some demand nodes may decrease to a value less than the requested power to satisfy the design demand. In this study, the constraint violation for any solution of a PWS can be calculated using a failure index (I f ) which can be defined as (Gad & Abd-Elaal ):
e j ¼ 0 Code (IPC ) and it can be calculated from (Ladd ):
where C d is the flow rate coefficient, A is the pipe cross-sectional area, g is the acceleration due to gravity and γ is the unit weight.
Conceptual looped configuration (Loop I)
As shown in Figure 2 
Conceptual looped configuration (Loop II)
This is the same configuration as shown in Figure 2 but the looped pipe diameters are set equal to twice the original Harris diameter.
RESULTS AND DISCUSSION Table 1 shows the values of I r , I m , and I f for the four con- 
CONCLUSIONS
An approach for improving the performance of PWSs using looped WPNs within buildings is introduced in the present study. This approach is applied to a case study of branched layout configuration which was changed to a looped configuration with different pipe diameters and velocities. All cases were analyzed for cost and reliability, in terms of resilience index, minimum surplus head, failure index, and demand node's flow path using EPANET software. It is concluded from this study that using a looped configuration for PWSs inside buildings greatly improves the performance of the system since the overall hydraulic reliability of the system is increased in terms of resilience index, minimum surplus head, failure index and demand node's flow path. Using a looped configuration for PWSs inside buildings also decreases the pressure variation at plumbing fixtures, supplying sufficient demand at each of them since every demand node has many demand paths that do not affect each other which provides a good service to householders.
In addition, using a looped configuration for PWSs inside buildings minimizes the total cost function of the system which is the summation of actual cost, cost related to the hydraulic constraints and the cost related to the number of independent flow paths to demand nodes.
